Abstract Malignant rhabdoid tumor (MRT) is a highly malignant pediatric cancer, which arises in various sites such as the kidney, brain, and soft tissues. Cytogenetic studies have revealed alterations of 22q11 in MRT. Recently, deletions and mutations of the SNF5/INI1 locus in 22q11.2 have been reported in MRT, suggesting that SNF5/INI1 is a tumor suppressor gene for MRT.
Introduction
Malignant rhabdoid tumor (MRT) is a rare and highly aggressive cancer that occurs in very young children (Parham et al. 1994 ). This type of tumor can occur in various locations but mainly in the kidney, brain, and soft tissues. The cell of origin remains unknown. Genetic abnormalities such as partial deletions and translocations involving 22q11.2 have been described in several cases of MRT. Subsequently, the chromatin-remodeling SNF5/INI1 gene at 22q11.2 was isolated as a tumor suppressor gene in MRT (Versteege et al. 1998 ). On the other hand, molecular studies have shown a relatively high rate of loss of heterozygosity (LOH) in many human cancers, including neuroblastoma in chromosome band 1p36, suggesting the presence of unknown tumor suppressor genes in this region. Here we report our molecular cytogenetic study for an established cell line of extrarenal MRT carrying t(1;22)(p36;q11.2) concurrent with del(22)(q11.2), which resulted in homozygous deletion of SNF5/INI1.
Case report
A 5-month-old boy was found to have a thoracic mass ( Fig. 1) without metastasis at the time of diagnosis. The tumor was totally resected. The histopathologic analysis demonstrated that the cells were round in shape with vesicular nuclei, prominent nucleoli, and no typical eosinophilic cytoplasmic inclusions. The cells stained positive for vimentin and negative for desmin by immunohistochemistry. Expression of MyoD, PAX3-FKHR, EWS-FLI1, EWS-ERG, and SSX-SYT chimeric mRNA was absent in the tumor. Analysis of G-banded preparations of the tumor showed only a terminal deletion of 22q. Spectral karyotyping (SKY) analysis combined with DAPI banding method from the primary tumor tissue demonstrated t(1;22)(p36;q11.2) (Fig. 2) . The patient received four cycles of doxorubicin, vincristine, and cyclophosphamide, alternating with ifosfamide and etoposide. However, after 18 months off-therapy, local recurrence was detected. He then received a total resection, additional chemotherapy, and 30.6-Gy radiation therapy. No further recurrence has been observed. Currently, he is alive and well at 4 years post onset. Cytogenetic analysis of his peripheral lymphocytes revealed a normal male karyotype.
Materials and methods

Cell lines
The surgical specimen of the tumor was minced in RPMI 1640 medium containing 10% fetal bovine serum and penicillin-streptomycin at 37°C in a 5% CO 2 incubator. The medium was changed twice a week. Cells were subcultured into new flasks by trypsinization when cultures were in a subconfluent state and the tumor cell line, designated KP-MRT-YM, was established. The biological and other molecular characteristics of this cell line will be described elsewhere. Human rhabdomyosarcoma cell lines, RD and KYM-1, were from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan).
Spectral karyotyping (SKY) Spectral karyotyping (SKY) analysis was performed using SkyPaint probe mixture (Applied Spectral Imaging, Carlsbad, CA, USA) according to the manufacturer's protocol (Ariyama et al. 1998 ).
Fluorescence in situ hybridization (FISH) Metaphase chromosome slides were prepared for fluorescence in situ hybridization (FISH) experiments. The location of each BAC (RPCI-11) within the region of interest was archived by the database of UCSC (http://genome.ucsc.edu) or NCBI (http://www.ncbi.nlm.nih.gov). A total of 13 BAC contigs representing the regions of interest at 22q11.23 (BACs 22M5, 24N11, 659D9, 22L18, 69B15, 61N10, 248J22, 61P17, 71G19, 124F9, 759G12, 76E8, and 325G5) and six BAC contigs representing the regions of interest at 1p36.11 (1114G7, 23D20, 65E18, 229A14, 111D20, and 96L14) were used as probes (Fig. 3) . We confirmed the mapping data according to the results of FISH using normal metaphase chromosomes. Probes were labeled with biotin-16-dUTP or digoxigenin-11-dUTP by nick-translation (Roche Diagnostics, Tokyo, Japan). The copy number and molecular organization of the region were assessed according to the hybridization patterns observed on both metaphase and interphase chromosomes.
Genomic PCR DNA was extracted from the established tumor cell line. Genomic PCR of SNF5/INI1 exon 6 was performed using FastStart Taq (Roche Diagnostics) with primers (forward primer, 5¢-AGCATGGTGCAA-TCTCTTG-3¢; reverse primer, 5¢-GGCTTCTGC-TGAGGCCTT-3¢) according to the manufacturer's protocol: denaturing at 94°C for 5 min was followed by 32 cycles of amplification (94°C for 30 s, 58°C for 30 s, 72°C for 1 min) and 7 min of extension at 72°C. The PCR products were electrophoresed on 2.0% agarose gels.
RT-PCR Single-strand cDNAs were generated from the total RNAs of cell lines using the SuperScript FirstStrand Synthesis System (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's directions. RT-PCR was performed using FastStart Taq: denaturing at 94°C for 5 min was followed by 30 cycles of amplification (94°C for 30 s, 64°C for 30 s, 72°C for 1 min) and 7 min of extension at 72°C. The primers used for amplification of SNF5/INI1 sequences from exons 1 to 6 were 5¢-CTGAGCAAGACCTTCGGGCAG-3¢ (forward) and 5¢-GATGGCTGGCACAAACGTCAG-3¢ (reverse).
Results and discussion
Conventional cytogenetic and SKY analysis of the fresh tumor demonstrated a cryptic aberration of t(1;22) (p36;q11.2) in addition to del(22)(q11.2) (Fig. 2) . In order to clarify the translocation breakpoints involved in chromosomes 1 and 22, we performed FISH analysis of the established KP-MRT-YM cell line using BACs as probes (Fig. 3) . The breakpoint on der(22)t(1;22) was found to lie proximal to the BAC 22L18 and distal to the BAC 24N11. We also confirmed that der(22) was involved in the interstitial deletion of a small segment between BAC 22L18 and 124F9 within 22q11.22-23, estimated to be 1.6 Mb including SNF5/INI1 gene. In addition, del(22) showed terminal deletion proximal with a break at 22q11 between 61P17 and 71G19. The breakpoint was located approximately 70-80 kb centromeric to SNF5/INI1. We could not detect any fluorescent signal corresponding to BACs harboring SNF5/INI1, 71G19 and 124F9 (Fig. 3C) . Taken together, the homozygously deleted region spanned approximately 66 kb of the genomic sequence and included four known genes, such as VPREB3, MMP11, SLC2A11, and MIF, other than SNF5/INI1. Among those, only SNF5/INI1 has been reported to play a critical role in tumorigenesis of MRT so far as we know.
In PCR analysis, we used rhabdomyosarcoma cell line RD and KYM-1 as positive and negative controls Fig. 1 Computed tomography scan showed an enhanced thoracic mass (Uno et al. 2002) for SNF5/INI1, respectively. As shown in Fig. 4A , genomic PCR unambiguously showed homozygous deletion of exon 6 in KP-MRT-YM as well as in KYM-1. Expression of the SNF5/INI1 gene was not detected by RT-PCR (Fig. 4B) , which confirmed the homozygous deletion of both SNF5/INI1 alleles in KP-MRT-YM.
On chromosome 1, the translocation breakpoint was determined to map on the overlapping region of the BACs 65E18 and 229A14 and was evaluated to be approximately 62 kb within 1p36.11 (Fig. 5) . The region included three predicted genes (LOC56181, MGC2603, and FJL32206), although no biological function of each has been clarified yet.
To our knowledge, only two cases of rhabdoid tumor with t(1;22)(p36;q11.2) have been described in the literature (Rosty et al. 1998; Rousseau-Merck et al. 1999; Simons et al. 1999) . One of the cases arose in the lung and the other in the chest wall. Both patients died due to progression of the disease, whereas our case has achieved 1.5-year disease-free survival after the second surgery. In our case, the translocation breakpoint was mapped on the overlapping region of the BACs 65E18 and 229A14 and was evaluated to be approximately 62 kb within 1p36.11. The breakpoint reported by Rosty et al. was differently from that in the present case, located 14 Mb telomeric to the 65E18. All three patients, in the previous cases and the present case, without metastatic disease had different prognoses, which may be related to the different breakpoints. It is unlikely that a common functional fusion gene product was generated, although the rearrangement may inactivate a tumor suppressor gene. The chromatin-remodeling SNF5/INI1 gene at 22q11.2 has been reported as a tumor suppressor in MRT (Versteege et al. 1998 ). Extrarenal MRT is often misdiagnosed as other types of poorly differentiated neoplasms (Biegel et al. 2002a,b) because of the heterogeneity of its histologic and immunologic features. Alterations of the SNF5/INI1 gene are restricted to MRT in pediatric solid tumors (Uno et al. 2002) . In our case, cytogenetic studies of the tumor and the cell line derived from the tumor revealed a diagnosis of rhabdoid tumor, although the pathological diagnosis was undifferentiated sarcoma. Homozygous deletions of the SNF5/INI1 gene are most frequently seen in extrarenal MRT, whereas truncating mutations are detected in a high percentage of kidney and brain tumors (Biegel et al. 2002a,b) . Thus, the analysis of SNF5/INI1 genetic status is useful for diagnosis of MRT. The SNF5/INI1 gene is a member of the SWI/SNF chromatin-remodeling complex and therefore plays a critical role in transcriptional regulation. Although the function of SNF5/INI1 remains largely unknown, one of the mechanisms by which SNF5/INI1 exerts its tumor suppressor function has been reported as mediation of cell-cycle arrest due to the direct recruitment of histone deacetylase activity to the cyclin D1 promoter (Zhang et al. 2002) . Further studies are needed for the use of specific targeted biological agents in the treatment of MRT, which is well known to be an intractable pediatric tumor. 
